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Abstract The polymeric scaffolds are one of the
most studied systems for biomedical applications. Yet,
their enzymatic degradation and non-antibacterial
ability are the major challenges for the researchers.
In this regard, we designed Fe(Ill) doped ZnO
integrated hydroxyapatite ZFHAp nanoparticles and
prepared the natural biopolymer-based chitosan- car-
boxymethyl cellulose-ZFHAp scaffolds suitable for
bone tissue engineering. The nanoparticles were
successfully characterized with XRD and RAMAN
spectroscopy and were found to be in hexagonal
wurtzite HAp phase with Ca 4 Zn + Fe/P ratio of
1.7. The prepared nano-biocomposite scaffolds were
microporous in structure (25-123 pm), and their
biochemical behaviours such as porosity (60-80%),
swelling, and enzymatic degradation (21-50%) were
dependent on the concentrations of ZFHAp. The
swelling and degradation of the prepared scaffolds
were linearly related. The presence of 5% ZFHAp in
the scaffolds (SCA-5) resulted in pore size of
92 £ 10 pm and 50% degradation time of 42 days.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s10570-021-04072-6.

V. Saxena - A. Hasan - L. M. Pandey ([X))
Department of Biosciences and Bioengineering, Bio-
Interface & Environmental Engineering Lab, Indian
Institute of Technology Guwahati, Guwahati,

Assam 781039, India

e-mail: lalitpandey @iitg.ac.in

This scaffolds SCA-5 also showed self-antibacterial
activities along with excellent cell proliferation abil-
ity. The present study designates the SCA-5 as
plausible scaffolds for bone tissue engineering.
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Introduction

For the appropriate cell attachment and proliferation,
3D scaffolds are the most studied systems in bone
tissue engineering. The major benefits of using
scaffolds include the high specific surface area, porous
structure, and ability to adhere to a large number of
cells (Hasan et al. 2018b). Different natural and
synthetic polymers have been tested for creating
antimicrobial surfaces (Hasan et al. 2020a, b), 3D
scaffolds/constructs for various biomedical applica-
tions, such as bone tissue engineering (Atila et al.
2019; Wang et al. 2018) and tissue regeneration (Atila
et al. 2019). Among all the naturally occurring
polymers, chitosan is one of the most studied polymers
for bone tissue engineering applications (Gamiz
Gonzalez et al. 2017; Maitra 2005; Saxena et al.
2019). Chitosan possesses many properties desired for
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biomedical applications like biodegradability, bio-
compatibility, bioactivity, and antimicrobial proper-
ties (Hasan et al. 2018b). However, the presence of B-
1,4 glycosidic linkage makes it more prone to
degradation by lysozyme and other body fluids
(Benbow et al. 2020), restricting its applicability for
the controlled cell growth, antibacterial action and
biomolecule delivery. Hence, nanocomposite scaf-
folds were scrutinized to remove these lags.

Crosslinking within polymers has proven to guard
the hydrophilicity and water solubility (Schoolaert
et al. 2020). Carboxymethylcellulose (CMC), an
anionic polymer with chemical similarity with chi-
tosan, provides a strong ionic crosslinking due to short
distance between short distances between H4 and H1’
across the glycosidic linkage (French and Johnson
2009) to enhance the biochemical feature, i.e. swel-
ling, porosity, and degradation (Sun et al. 2018).
Cellulose has also been utilized for various biomedical
applications (Ling et al. 2019; Wahlstrom et al. 2020;
Wallecan and Debon 2018; Zhao et al. 2020). Further,
chitosan, CMC, and their composites have been
integrated with various inorganic materials such as
hydroxyapatite (HAp), to achieve the desired mechan-
ical strength along with biochemical behavior. The
swelling and degradation behaviors remain directly
dependent on the porous nature of the scaffolds.
Hence, the most suitable way to control biochemical
behavior is to control the porosity. Yet the tunability of
these behaviors is still under extensive research due to
interconnections between porosity, composition,
mechanical properties, and bioactivity. The challenge
remains to control the biochemical features without
compromising the mechanical properties, i.e. strength
and biological behavior (bioactivity) and vice-versa.
Hence, various approaches have been devised to
design nano-sized HAp, its integration with chitosan
and/or CMC for bone tissue engineering (Guerzoni
et al. 2014; Kharaghani et al. 2020). These scaffolds
have been found to possess decent mechanical
strength comparable to that of callous bone, i.e.
2—-10 MPa (Baskaran et al. 2017; Miyaji et al. 2005;
Saxena et al. 2018b; gupové 2015).

With the recent advancements, it was realized that
these systems lack inherent antibacterial activity.
Various nanoparticles of Ag, Cu, and Zn with
antibacterial properties have been studied to impart
the self-antibacterial characteristics to polymers (Fon-
tenot et al. 2019; Hasan et al. 2018b). Among them,
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ZnO nanoparticles are the most explored because of
their cost-effectiveness (Samani et al. 2013). How-
ever, the higher minimum inhibitory concentration
(MIC) and cytotoxicity due to the generation of
reactive oxygen species (ROS) limit the practical
applications. Recently, it was reported that doping of
transition metals (Al, Fe) reduced the MIC concen-
trations and blocked the ROS generation (Awwad
et al. 2020; Saxena et al. 2018a; Saxena and Pandey
2020; Srilakshmi and Saraf 2016; Xiu et al. 2012).
Additionally, the integration of Fe (III) into ZnO
caused the linear release of Zn>" ions leading to the
rupturing of the bacterial cell wall (Saxena and Pandey
2020). Hence the integration of Fe doped ZnO (FZO)
with nano-HAp is expected to incorporate the desired
antibacterial activity into the HAp matrix. The incor-
poration of antibacterial activity in the scaffolds
without affecting their biochemical behavior remains
another major bottleneck in designing the self-an-
tibacterial systems.

In this study, we have synthesized chitosan-CMC
and FZO integrated HAp (Chitosan-CMC-FZO@-
HAp) based nanocomposite scaffolds to achieve the
inherent antibacterial activity within the scaffold, as
well as to control the porosity of the scaffold. Hence,
the novelty of this work remains in incorporating self
antibacterial activity into a HAp based scaffold
without generating the secondary phases such as [3-
Tricalcium phosphate, and controlling the biochemi-
cal behavior. Henceforth, the present study will
provide an insight into designing the polymeric
scaffolds with self-antibacterial properties along with
controlled biochemical behavior. The effects of var-
ious amounts of FZO@HAp on the biochemical
properties (porosity, swelling, and degradation) and
antibacterial activity have been investigated.

Experimental section
Materials

The precursors for the synthesis of ZFHAp nanopar-
ticles such as calcium nitrate tetrahydrate Ca(NO3),.4-
H,0, (GRM496), diammonium hydrogen phosphate
(NH4),.HPO, (GRM1271), zinc nitrate hexahydrate,
Zn(NO3),.6H,0 (GRM691), sodium hydroxide,
NaOH (MBO095) were purchased from Himedia, India.
Ferric chloride anhydrous FeCl; (231-729-4) was
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obtained from Merck India. These chemicals were
used without any modification. For the scaffold
synthesis, chitosan (CS, Mw = 50-190 kDa and
degree of deacetylation = 75-85%, Cat No. 448869)
was procured from Sigma, India, and CMC-sodium
(RM10844; the degree of substitution of 0.9) was
purchased from Himedia, India. Double distilled water
MiliQ, 18 mQ, Millipore systems) was used through-
out the experiments.

Synthesis of ZFHAp nanoparticles

In our previous studies, it was found that 15% doping
of metal ions (Al and Fe) into ZnO improve its
antibacterial activity (Saxena et al. 2018a; Saxena and
Pandey 2020). Based on these results, the 15%
integration was implied in this study to obtain
composites that can exhibit higher antibacterial activ-
ity. Towards this, 0.85 M of Ca was added with
0.10 M of Zn and 0.05 M of Fe (III) to acquire the
desired antibacterial activity. The ZFHAp nanoparti-
cles were synthesized via a simple co-precipitation
method (Saxena et al. 2018a). Briefly, 0.85 M
Ca(NO;),.4H,0, 0.10 M Zn(NO;),.6H,0, and
0.05 M of Ferric chloride anhydrous FeCl; aqueous
solution (50 ml) was titrated with 0.6 M (NH,),.HPO,
aqueous solution (50 ml) at 65 °C temperature. The
final molar ratio was kept constant with Ca + Zn +
Fe/P = 1.67. After the addition, the pH was enhanced
to 11 by adding NH,OH solution in a dropwise
manner. After 3 h, the solution was kept for 24 h aging
followed by several times washing with deionized
until neutral pH. The samples were then air-dried at
80 °C in a hot air oven followed by sintering at
650 °C.

Preparation of chitosan-CMC-ZFHAp scaffold

The nanocomposite scaffold of Chitosan, CMC, and
HAp/ZFHAp was prepared by mixing the chitosan and
CMC at 2% (w/v) and varying the concentrations of
HAp/ZFHAp (Hasan et al. 2018b). Briefly, 2% (w/v)
chitosan solution in acetic acid was mixed with 2% (w/
v) of CMC for 3 h. After proper mixing various
concentrations of designed HAp/ZFHAp nanoparti-
cles (0, 1%, 2%, 2.5%, 5%, 10% (w/v)) was mixed to
the chitosan-CMC mixture until a homogenous mix-
ture was achieved. The mixtures were frozen at
—20 °C, and pH neutralized using 1 M NaOH prior

to freeze-drying under vacuum. The prepared scaf-
folds were stored under vacuum for their characteri-
zation and applications. The scaffolds were named as
listed in Table 1, and the same sample codes are
referred throughout the manuscript.

Physical characterizations of ZFHAp
nanoparticles

The biological properties of nanoparticles majorly
depend on their shape and morphology (Saxena et al.
2018b). Hence, morphological analysis remains an
important factor for biomaterial research. The phase
analysis of the synthesized ZFHAp samples was done
using an X-ray diffractometer (XRD, Rigaku, Ultima
IV, Japan) equipped with Cu Ko radiation
(A = 1.5406 nm). A slow step size (20 of 0.02°) was
implied for the measurement. Raman spectroscopic
analysis (LabRam HR laser micro Raman system,
Horiba) of the ZFHAp samples was carried out at
532 nm wavelength of incident laser light. The shape
and size of the ZFHAp samples were analyzed using
Field emission scanning electron microscopy
(FESEM, Zeiss, Sigma), and the elemental analysis
was carried out by recording the EDAX data using the
same FESEM instrument. ImageJ software was applied
to analyze the images to calculate the particle size.

Biochemical characterizations and mechanical
strength analysis of the scaffolds

After successfully analyzing the physical features, the
scaffolds were scrutinized for their various biochem-
ical analysis, as discussed below.

Porosity of scaffolds

The porosity of the scaffolds was evaluated using the
liquid displacement method as studied previously
(Sivashankari and Prabaharan 2020). In brief, the
scaffolds were cut into pieces and the known weight of
scaffolds (W,) were immersed in hexane under
vacuum for the forced entry of hexane into the
microporous scaffolds. The scaffolds were quickly
transferred into the pre-weighed weighing bottles
containing known weight (W) and volume (V) of
hexane and the final weight (W;,) and volume (V)
were recorded. The porosity of the scaffolds was
calculated using the following equation-1.
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Table 1 Sample codes of Sn

Sample code
scaffolds with various

Chitosan (w/v)%

CMC (W/v)% ZFHAp (W/v)% Hap (w/v)%

concentrations of ZFHAp SCA-0
SCA-1
SCA-2
SCA-2.5
SCA-5
SCA-10
HSCA-2.5
HSCA-5
HSCA-10
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where p is the density of hexane, i.e. (0.655 gcm™>).

% = (1)

Swelling behavior of scaffolds

For various biomedical applications of the scaffold,
along with porosity, the swelling behavior also plays a
key role. The bioactivity of a scaffold is majorly
dependent on its fluid retention, fluid transfer, and
swelling behavior. Along with porosity, swelling
behavior governs the degradation behavior of the
scaffolds leading to its bone integration ability. To
analyze the swelling behavior of the scaffolds, the
known weight of scaffolds (W;) were treated with the
Phosphate Buffer Saline (PBS, pH-7.4) for various
time intervals at 37 °C. At each time interval, the
scaffolds were removed and dried using blotting
paper. The dried weight (W) was measured, and the
swelling behavior Q (%) was analyzed using the
following equation-2.

%Swelling(Q) = w X

i

100 2)

The above @, data was fitted a second-order
swelling kinetics model (Vilela et al. 2019) using as
given in Eq. 3.

k,Q*t
= 76 3
0 =13 g ()
where k; is the 2nd order rate constant (g g_l min_l)

swelling rate constant and Q, represents the theoretical
equilibrium swelling capacity (g g~ ).
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Enzymatic degradation of scaffolds

The enzymatic degradation studies were carried out
using the lysozyme (2 mg mL™') in PBS solution
(pH-7.4). For this purpose, the known weight of
scaffolds (M;) were subjected to the lysozyme-PBS
solution under constant stirring (60 rpm) at 37 °C for
the different durations, i.e. 4, 8, 12, 16, and 20 days.
The lysozyme-PBS solution was replaced regularly
with a fresh solution. After the treatment, the scaffolds
were freeze-dried, and the final weight of the scaffolds
(My) were calculated. The degradation (%) was
calculated using the following equation-4.

My — M,

Degradation% = x 100 (4)

In addition, degradation kinetics was also studied.
The degradation data were fitted using the first order
equation-5 to estimate the degradation rate constant
kd(dayfl) and 50% scaffold degradation (Ts).

M, = M;(1 — e ) (5)

Mechanical strength analysis

The mechanical strength of scaffolds was determined
using an Electromechanical Universal Testing
Machine (UTM) instrument (Zwick Roell: ZOO5TN)
equipped with a SkN load cell with a crosshead speed
of 1 mm/min.

Biological activity of scaffolds
After successful synthesis and biochemical character-

izations of scaffolds, the prepared scaffolds were
subjected to their biological investigations for
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practical applications. For this purpose, the antibacte-
rial activities as well as the cell proliferation analysis
were performed.

Antibacterial activity

Many of the implanted biomaterials exhibit bacterial
contamination due to surgical procedures, which lead
to immunogenic responses and ultimately resulting in
the rejection of the implants. Thus it is desirable to
impart additional antibacterial characteristics in the
biomaterials to prevent such unwanted processes and
implant failure. The antibacterial activity was tested
against two Gram-negative strains (E. coli, MTCC
1610 and S. paratyphi, MTCC 735) and two Gram-
positive strains (L. monocytogenes, (ATCC 19,115)
and S. aureus, MTCC 6538) using ASTM G 21-09
protocol, as reported previously (Hasan et al. 2018b).
Briefly, scaffold discs of 15 mm diameter were first
washed with 70% alcohol and MilliQ water to remove
the adhered bacteria, if any, followed by rinsing with
sterilized water. The bacterial culture (100 pL,
1.0 x 10° CFU mL™") was seeded on the SCA-0,
SCA-2.5, SCA-5, HSCA-2.5, and HSCA-5 scaffolds,
and were incubated at 37 °C for 24 h. After the
incubation, the scaffolds were washed with 0.87 wt %
NaCl solution containing 0.03 wt % Tween 80. The
washed solution was diluted suitably and speared over
a freshly prepared agar plate. The agar plates were
incubated at 37 °C for 24 h. The scaffolds with
excellent antibacterial activity (0% growth) were
further investigated for bone cell proliferation.

Bone cell proliferation analysis

The successful synthesis of scaffolds is sustained by its
efficiency for cell proliferation. The selective killing
of bacterial cells and support to the human cells for
their attachment and proliferation is the key for
biomedical applications. The bone cell proliferation
ability of the scaffolds was studied using MG-63 cell
line procured from NCCS Pune India. The cells were
first grown to their confluency in a T25 flask at 37 °C,
5% CO, and 85% humidity under a CO, incubator.
Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS, Invit-
rogen) and 1% antibiotic (Pen Strep, Invitrogen) was
used for this experiment. The scaffold with no
bacterial growth was analyzed for in-vitro cell

proliferation. 1 x 10° cells mL™' of MG-63 were
seeded on the scaffolds for 5 days DMEM media and
incubated at 37 °C and 5% CO,. After 5 days, the
scaffolds were washed with sterilized PBS (pH-7.4)
multiple times for the removal of unadhered cells. The
scaffolds were then c via two means FESEM analysis
as well as fluorescence imaging. In brief, the scaffolds
were first treated with Calcein AM dye (Sigma-India,
4 uM in PBS) for 30 min and directly analyzed using a
fluorescent microscope (Zeiss) with an excitation filter
of 450-490 nm. For FESEM analysis, after washing
with PBS, the cells on the scaffolds were first fixed
with 4% paraformaldehyde in PBS for 24 h. Then, the
scaffolds were washed multiple times with PBS
followed by stepwise dehydration with 30%, 40%,
50%, 60%, 70%, 80%, 90%, and 100% concentration
gradient of ethanol for 10 min each. Finally, the
critical point drying was performed by treating the
scaffolds with hexamethyldisilazane (HMDS) for
10 min prior to attachment over the carbon tape for
FESEM analysis.

In addition, the scaffolds were analyzed for their
cytotoxicity using MTT assay. In brief, the UV
sterilized SCA-0, HSCA-2.5, HSCA-5, SCA-2.5, and
SCA-5 scaffolds were soaked separately in the serum-
free DMEM free media for 24 h at 37 °C. After 24 h,
the supernatant was collected and filtered using a
0.22 um filter. The media was termed as ’conditioned
media’. 100 pL of this conditioned media was
supplemented to the previously grown MG-63 cells
(5000 cells/well in 24 well plates). The conditioned
media was changed every alternate day. The MTT
assay was then performed at respective days for the
cytotoxicity analysis.

All the experiments were performed in triplicates,
and the data are reported as average values along with
standard deviations.

Results

As discussed in Sect. 2.2, the synthesized ZFHAp
samples were dried at 80°C followed by sintering at
650 °C in order to obtain the Ca 4+ Zn + Fe/P ratio of
1.67 (Ca/P = 1.67 for HAp) for mimicking the HAp
phase. The HAp phase is addressed as the most
suitable phase of calcium phosphate for bone tissue
engineering (Saxena et al. 2019). The samples were
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further subjected to various chemical characteriza-
tions to confirm the synthesis as follows.

Phase structures analysis of ZFHAp

The phase analysis of the sample was analysed using
XRD. The obtained XRD pattern was compared with
the standard HAp, ZnO, and Fe;O, JCPDS data as
shownin Fig. 1a. The XRD patterns reflected the major
peaks at 20 values of 22.61°, 26.34°, 28.41° 33.83°,
34.60°, 49.67° and 53.22° corresponding to the
hexagonal HAp (JCPDS 98-007-7606). In addition,
XRD peaks at 260 values of 35.66°, 49.20° and 56.12°
corresponded to the hexagonal wurtzite structure of
ZnO (JCPDS 98-002-8858). The coinciding peak at
32.15° and 34.60° of HAp and Fe;O4 (JCPDS 98-001-
7122) and no separate Fe;0,4 peak exhibited successful
doping of Fe into the ZnO (FZO) as reported previously
(Saxena and Pandey 2020) followed by its integration
with HAp. The crystal size of the sample was
calculated using the Scherrer equation (Raland and
Borah 2016) and was found to be 68.06 nm.

The XRD patterns also reflected the redshift of
major peaks at 20 values of 26.34°, 28.41° 33.83°,
34.60°, and 49.67°, corresponding to the hexagonal
HAp, from 25.86°, 28.2°, 33.7°, 34.52° and 46.74°.
This redshift was supposed to be the result of the
crystal distortion because of the doping of Zn and Fe
into HAp lattice. As the ionic radii of Zn>" (0.074 nm)
and Fe** (0.006 nm) ions is smaller than Ca*" ions
(0.231 nm), it can lead to the displacement of Ca®"
ions, causing the decrement in the bond length
(Saxena et al.2018a; Saxena and Pandey 2020) and a
redshift in XRD pattern. Thus, the redshift from
standard HAp (Fig. 1b) also reflected the successful
integration of FZO with HAp.

The successful synthesis of ZFHAp was further
confirmed by evaluating the Raman spectra of the
sample. A sharp peak at 960 cm™' corresponding to
the Raman shift of phosphate groups (Cuscé et al.
1998) in HAp. The characteristic vibrational peaks of
ZnO at 438 cm™' correspondings to E2 (high)
(Hansen et al. 2017) blue-shifted to 430 cm™'. A
peak corresponding to Fe—-O bond at wavenumber
580 cm ™' was also obtained. The Raman data com-
plemented the results obtained from the XRD analysis.
Hence, the XRD together with Raman data confirmed
the successful integration of FZO with HAp, while
HAp was the major phase (matrix) of the
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nanocomposite Fig. 1c. The ZFHAp samples resulted
in a colloidally stable solution under neutral pH. HAp
has been found to be a colloidally stable solution with
a zeta potential value of -22 mV (Lu et al. 2019),
similarly Fe(IIT) doped ZnO has also been found to a
colloidal stable in solution with a zeta potential value
of + 32.6 £ 1.35 mV (Saxena and Pandey 2020).
Hence, their composite was expected to be colloidal
stable at neutral pH.

Morphology and elemental analysis

The morphology and the particle size calculations
were done using FESEM analysis. The FESEM data
revealed that ZFHAp samples comprised of a dual
morphology, i.e., the rod shaped as well as spherical
morphology. The rod-shaped nanoparticles were
found to be 81.78 £ 10 nm in width (Red circled;
Fig. 2a), while the spherical nanoparticles were
56.5 £ 14 nm in diameter (Yellow circled; Fig. 2a),
probably due to dual phases in the sample, i.e. HAp
and FZO as indicated by XRD data. The particles were
agglomerated probably due to the experimental sam-
ple preparation procedure, i.e., dispersion in water and
drying directly on a carbon-coated SEM stub. The
elemental analysis was performed using the same
FESEM instrument. The primary elements in ZFHAp
samples were Ca, P, and O, and the minor elements
were Zn and Fe, as shown in Fig. 2b. The ZFHAp
conquered Ca:P:0:Zn:Fe as 33.5:16.4:40.3:7.1:2.6 (wt
%), which were in linear co-relation with the theoret-
ical  values of  CagsZnioFeys(PO4),(OH),
(32.8:17.95:40.18:6.31:2.69) with R? = 0.99 as given
in Fig. 2B. Similarly, in TEM analysis, a dual
morphology was observed, reflecting the diameter of
rod-shaped particles as 78.68 = 8 nm and the diam-
eter of spherical morphology as 49.74 + 14 nm,
respectively (Fig. 2d). The elemental mapping from
TEM imaging also corresponded to the theoretical
weight percentage of different elements present
(Fig. 2B). Further, as shown in Fig. 2e, a dual
d-spacing was observed with 0.21 and 0.61 nm of
the fringe sizes, indicating the dual morphology of the
designed nanomaterial. The atomic ratio of (Ca +
Zn + Fe/P) was found to be ~ 1.7, which corre-
sponded to the Ca/P ratio (1.67) of HAp (Saxena et al.
2018b). The HAp phase depends on the dopant (i.e.,
ZnO) concentration as well as on the calcination
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Fig. 1 a XRD diffractogram of ZFHAp sample along with the
standard HAp (JCPDS 98-007-7606), ZnO (JCPDS 98-002-
8858), and Fe;0,4 (JCPDS 98-001-7122) patterns; b Redshift in
XRD pattern of ZFHAp samples with Standard HAp (JCPDS

temperature (Saxena et al. 2018b); hence suitable co-
ordination between them is required for maintaining

98-007-7606), ¢ Raman spectra of ZFHAp reflecting peaks
corresponding to phosphate group at 960 cm ™', Zn-O bond at
438 cm™'and Fe-O bond at 580 cm ™'

the HAp phase. The data revealed that after integrating
FZO with calcium phosphate, the HAp phase was
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Fig. 2 a FESEM image, b Co-relation between the experimen-
tal and theoretical weight percentage of different ions, ¢ EDX
analysis of the prepared ZFHAp samples, d TEM image of

maintained in ZFHAp samples. The EDX data com-
plemented the XRD and Raman data indicating HAp
as the major phase with FZO integrated within it.

Morphology and pore size analysis of the scaffolds

The scaffolds were analyzed to obtain the morphology
with respect to the integration of HAp and ZFHAp
samples. FESEM analysis was carried out to examine
the internal morphology of the scaffolds. All the
samples exhibited microporous architecture, as shown
in Fig. 3, while pore sizes were varied for the different
samples. The pore size of the microporous structures
plays a critical role in regulating the bio-interfacial
aspects (cell infiltration, adhesion, cell signalling,
angiogenesis, and nutrient exchange) (Hasan et al.
2018b). A well interconnected mesoporous structure
was obtained for all the samples, probably due to the
crosslinking between amino groups of the chitosan and
carboxyl group of CMC and solid-liquid phase
separation (Cao et al. 2011). Apparently, the aggre-
gation of particles or the formation of clumps was not
observed (Fig. 3), which indicated the good dispersion
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~ Spherical
shaped

ZFHAp sample indicating the dual morphology, i.e., rod-shaped
and particulate shaped, and e lattice fringe pattern indicating
high crystallinity

of HAp and ZFHAp throughout the scaffolds. With the
increase in HAp and ZFHAp concentrations, the
scaffolds were found to be packed more densely, as
shown in Fig. 3. The pore size of the samples was
found to increase with the increase in HAp and
ZFHAp concentration, as listed in Table 2. The pore
size of HAp integrated samples was found to be lesser
than that of the ZFHAp integrated scaffolds. Also, the
HAp integrated scaffolds carried homogeneously
distributed pores as compared to the ZFHAp inte-
grated scaffolds, presumably due to the dual morphol-
ogy of the ZFHAp samples, which caused the
distortion in the mesoporous structure of the scaffolds
(Spath et al. 2015). The increase in the pore size is also
attributed to the increased concentration of ZFHAp.
Covalent bonding between its OH groups of HAp and
NH, groups of chitosan as well as the co-ordination
bonding, are reported in their composites (Venkatesan
et al. 2012). Presumably, with an increase in the
concentration of ZFHAp, these bonds were increased,
which interfered with the chitosan (amine group) and
CMC (COOH) group interactions. This resulted in
increasing the pore size via solid-liquid phase
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Fig. 3 Morphological analysis of the scaffolds using FESEM; a SCA-0, b SCA-1, ¢ SCA-2, d SCA-2.5, e SCA-5.0 and f SCA-10,
g HSCA-2.5; Scale bar represents 100 pM

Table 2 Pore size, degradation, and swelling behavior of the ZFHAp integrated scaffolds

S.N Scaffold sample Pore size (pm) Degradation Swelling
ko(day™)  Tso(days)  Q, ko x 10°gg ' min™h) R

1 SCA-0 25+ 4 0.045 16 1003 2.24 0.99
2 SCA-1 35+ 4 0.036 19 949 2.71 0.99
3 SCA-2.5 89 + 8 0.027 26 738 1.33 0.99
4 SCA-5 92 £ 10 0.017 42 706 0.98 0.99
5 SCA-10 123 + 28 0.013 53 597 1.53 0.99
6 HSCA-2.5 12+3 0.033 21 802 0.90 0.99

separation (Ghalia and Dahman 2016). Notably, the 2001). In this study, all the scaffolds resulted in the
pore size of cancellous bone lies 300600 pm in pore size in the same range, affixing their suitability
diameter and cortical bone as 10-50 um (Lee et al. for bone tissue engineering.

2012). However, it is reported that the threshold pore

size for bone growth remains to be 100 pm (Itald et al.
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Biochemical characterization of scaffolds

The successful synthesis of scaffolds was accessed
through its biochemical behavior for biomedical
applications. Biological responses to the implant
materials depend on various material properties,
among which biochemical properties play a significant
role. Considering the importance of these properties,
the porosity, swelling, and degradation behavior of the
scaffolds were analyzed as reported in the following
sub-sections.

Porosity

The major challenge in designing a scaffold for bone
tissue engineering remains its porosity while main-
taining its swelling and degradation behavior. Chi-
tosan, due to its crosslinking with CMC, provides the
desired microporous behavior (Mittal et al. 2018).
However, controlling the porosity remains a signifi-
cant challenge for various biomedical applications,
especially in bone tissue engineering. A decrease in
the porosity was observed by the systematic increase
in the concentration of ZFHAp in the scaffolds’
composition. Interestingly, the porosity of the HSCA-
2.5 was found to be lower than that of SCA-2.5, as
compared to its morphology, presumably due to the
different packings of the HAp and ZFHAp within the
scaffolds (Fig. 4a). For instance, SCA-0 exhibited
95% porosity, which was significantly reduced to ~
60% for all the HSCA samples. However, the porosity
was found to be 88% in SCA-1 (1% addition of
ZFHAp). Likewise, the porosity further decreased to
the range of 68%—75% upon the increase in ZFHAp
concentrations. The least porosity of 58% was

1400 -

observed for the scaffold with the maximum amount
of ZFHAp (SCA-10) (Fig. 4a). A similar pattern, i.e.,
the decrease in porous morphology, can be seen in
Fig. 3. Hence, the measured porosity supported the
results obtained through the morphological analysis of
the scaffolds. The decreased porosity can be ascribed
to the high concentration of ZFHAp with dual
morphology, i.e., rod-shaped and particulate. The
HAp NPs carried single particulate morphology and
hence were mixed homogenously with the Chitosan
and CMC and did not cause any change at an increase
in their concentration. The packing of dual morphol-
ogy of ZFHAp increases the heterogeneity and hence
presumably regulates the density, interconnectivity,
and orientation of the designed scaffolds. The
osseointegration has been reported to be best observed
at 60-80% of porosity, which is similar to the porosity
of the cancellous bone (Hasan et al. 2018b). Based on
the results, porosities were obtained in this desired
range for all HSCA-2.5 scaffolds and SCA-2, SCA-
2.5, and SCA-5 scaffolds. It is to be noted that the
porosity can be controlled by varying the concentra-
tions of ZFHAp. This provides an advantage of
tuneable porosity, which is also expected to alter the
scaffolds’ swelling behavior.

Swelling behavior

Similar to the porosity, controlling the swelling
behavior is also crucial for maintaining the integrity
and fidelity of the scaffolds upon interactions with the
biological fluids. However, the swelling of scaffolds is
originated from the native properties of the constituent
materials, i.e., Chitosan, CMC, HAp, and/or ZFHAp.
This enables to control the swelling ability at the

1200 4

1000 +

70

800 -

600 f3
-

400 4

Porosity (%)
Swelling Ratio (%)

200

® SCA0 v SCA1 & SCA25 » SCAS e SCA0 v SCA1 e SCA25 » SCAS |
* SCA110 o HSCA25 - * SCA10 o HSCA-25
Q
- =
<
c
=]
=
©
°
©
s
o
@
o

A 5 a5 LAY g8
P gop o pa® oW o gop?’

Scaffolds

T T 1 T T T T
60 80 100 o 5 10 15 20

Time (min) Days

Fig. 4 Biochemical characterizations of the ZFHAp integrated scaffolds; a porosity, b % Swelling, ¢ Degradation studies. Points are

the experimental data, while lines refer to the fitted data

@ Springer



Cellulose (2021) 28:9207-9226

9217

material selection level. In this study, the swelling
behavior was evaluated via immersing the scaffolds
into the PBS at 37 °C. It was found that the swelling
behavior decreased with an increase in ZFHAp
concentration, as shown in Fig. 4b. The obtained
experimental data were fitted to the second-order
swelling kinetics model (Eq. 8). The experimental
data fitted well the second-order kinetics (R2 =0.99),
while the data did not fit with the first-order kinetics.
This indicated that the swelling behavior is affected by
the diffusion of the water along with the intermolec-
ular interactions between the constituents of the
scaffolds. The fitted kinetic parameters are listed in
Table 2, which indicated that the scaffolds’ swelling
capacity decreased with an increase in the concentra-
tion of ZFHAp due to the reduction of H-bonds
between chitosan and CMC (Berger et al. 2004). The
swelling behavior of HSCA-2.5 was found to be in
between the SCA-1 and SCA-2.5. This indicated that
the morphology and the concentration of the HAp and
ZFHAp nanomaterials could be effectively used for
controlling the biochemical nature of the scaffolds.
The rate constant k; was also found to decrease with
the increase in the contents of HAp/ZFHAp; however,
the k; Values were higher for the ZFHAp based
scaffolds. ZFHAp interacted with the Chitosan and
CMC with different physical (Van der Waals) and
chemical bonds, which resulted in the decreased fluid
intake capacity of the scaffolds. The reduced swelling
behavior is desirable for the controlled degradation of
scaffolds for various biomedical applications, includ-
ing drug delivery and bone tissue engineering appli-
cations. Hence, SCA samples containing ZFHAp NPs
are better suited for these applications than the HSCA
samples.

Enzymatic degradation

Enzymatic degradation is one of the key factors for the
performance of scaffolds in biological fluids. Various
enzymes such as lysozymes are found abundant in
body fluids. The lysozymes’ antibacterial activity is
reported as the first line of defense against bacterial
infection through the rupturing of the B-1-4-glyco-
sidic linkages of peptidoglycan (Benbow et al. 2020).
Chitosan also undergoes catalytic degradation over its
-1-4-glycosidic linkages by the action of lysozyme.
Hence, the stability under such body fluids is a
significant challenge in designing the implant

materials. The degradation of B-1-4- glycosidic
linkages in chitosan by lysozyme’s action, is found
to loosen the interactions between Chitosan and CMC,
which resulted in collapsing of the scaffold
microstructure (Hasan et al. 2018b). The deprotona-
tion under PBS incubation may also weaken the
electrostatic interactions between Chitosan/CMC and
HAp/ZFHAp. However, it has been observed that the
scaffolds made up of various polymers containing
HAp exhibited negligible degradation. For example,
HAp/polycaprolactone scaffolds degraded only 3.7%
in 10 weeks (Wang et al. 2010), and no significant
degradation was reported in carbon fibre reinforced
HAp/polylactide biocomposite scaffolds even in
12 weeks (Shen et al. 2009). Therefore, we performed
enzymatic degradation in PBS containing lysozymes.
In this study, a higher degradation rate for SCA-0 was
obtained as compared to other scaffolds containing
HAp and ZFHAp (Fig. 4c, Table 2). The degradation
was found to be in the range of 21-50%, depending on
the physical and chemical characteristics of the
scaffolds. SCA-0 scaffolds resulted in a degradation
of 50%, which was consistent with the previous
studies (Hasan et al. 2018b). However, the increase in
the HAp and ZFHAp concentration resulted in the
augmented form of the co-ordination bonds between
chitosan-HAp, and chitosan-ZFHAp particles, respec-
tively, which prevented and retarded the degradation
activity of lysozymes. Thus we observed a faster
degradation of scaffolds without (SCA-0) or with less
content of HAp and ZFHAp (SCA-1, SCA-2) as
compared to SCA-5 and SCA-10. However, the
degradation rates of HSCA samples were higher than
that of SCA samples at the same concentration. For
examples, the degradation behavior of HSCA-2.5 was
comparable with SCA-1 (Table 2). This observation
indicated the presence of fewer co-ordination bonds of
nano-HAp with Chitosan and CMC as compared to
ZFHADp.

Table 2 listed the fitted data obtained using Eq. 10.
The degradation rate k; was found to decrease with an
increase in the concentration of HAp/ZFHAp. Ts
values were also estimated as In2/k ;, which was found
to be significantly enhanced with the increase in HAp/
ZFHAp concentrations. It has been reported that the
bone formation starts at the corner of the scaffolds in
the initial 0—10 days, followed by no bone formation
for 10-20 days (only changes in scaffolds). Later bone
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formation occurs along with scaffold degradation up
to 90 days and becomes thicker with whole scaffold
degradation within 90 to 150 days (Adachi et al.
2006). The study suggested the role of dense and
oriented bone formation at a slower scaffold degrada-
tion rate. In this study, the Tso degradation for SCA-5
was found to be 42 days (6 weeks), signifying its
excellent bone formation ability.

The dual morphology of ZFHAp samples affects
the packing and density of Chitosan and CMC.
Additionally, the uniformly distributed ZFHAp alters
the crosslinking sites and the nature of the bond
formations between Chitosan and CMC. Various ionic
and van der Waals interactions take place between the
three constituents of scaffolds, i.e., Chitosan, HAp/
ZFHAp, and CMC. For example, the NH, groups of
Chitosan and OH groups of HAp form bonds, altering
the porosity as well as the degradation rate of the
scaffolds. Similarly, the HAp has been reported to
form covalent bonds with the CMC (Grande et al.
2009), altering the swelling and degradation behavior
of the scaffolds. In this study, incorporation of ZFHAp
is presumed to delay the degradation rate due to
synergistic effects of the chemical interactions
between the NH, groups of chitosan and the carboxyl
group of CMC, co-ordination bonds between Ca, Zn,
and Fe with Chitosan, and ionic interactions with the
carboxyl groups of CMC.

Mechanical strength analysis of the scaffolds

The mechanical strength of scaffolds is an essential
parameter for the integrity as well proliferation of the
bone cells. Hence, the mechanical strength of the
selected scaffolds (HSCA-2.5, HSCA-10, SCA-2.5,
and SCA-10) was examined as given in the material
and methods section. The mechanical strength param-
eters are given in Table 3. HSCA samples exhibited a

Table 3 Mechanical strength analysis of the scaffolds

Sample Enoa (MPa) Frax (MPa)
HSCA-2.5 0.27 0.25
HSCA-10 0.72 0.33
SCA-2.5 0.17 0.24
SCA-10 0.32 0.16

@ Springer

higher elastic modulus as compared to SCA samples
because of their lesser porosity. The maximum
tolerance against the applied force was observed for
the HSCA-10 sample as the scaffold was not deformed
until 0.72 MPa of the force applied per the 3.14 cm?
area. This indicated that the dual morphology of the
ZFHAp samples caused the maximum distortion and
heterogeneity, which compromised the mechanical
strength of the SCA scaffolds (Spath et al. 2015). It has
been reported that the compressive strength of the
trabecular bone remains in the range of 0.1-16 MPa
(Gerhardt and Boccaccini 2010); in this study, the
compressive strength was found to be in the above
range affirming the suitability of the scaffolds without
any stress shielding effect. It is to be noted that the
scaffolds with a faster degradation rate exhibited a
lower mechanical property.

Antibacterial activity analysis

HAp is considered the most suitable inorganic mate-
rial for bone tissue engineering because of its physical
and chemical properties similar to bone. However, the
lack of inherent antibacterial activity remains a
significant challenge for biomaterial researchers (Sax-
ena et al. 2018b). For this purpose, we integrated FZO
with HAp. The major challenge for this study was to
obtain the desired antibacterial activity after the
integration of ZFHAp with Chitosan. For this purpose,
the antibacterial activity of nanocomposite scaffolds,
SCA-0, SCA-2.5, and SCA-5, HSCA-2.5, and HSCA-
5 was tested against Gram-negative (E. coli and S.
paratyphi) and Gram-positive (S. aureus and L.
monocytogenes) bacteria. As presumed, SCA-0 did
not show any antibacterial activity, and densely
packed bacterial colonies (fully covered plates) were
observed (Fig. 5).

Similarly, for SCA-2.5, a reduction in the bacterial
colony as a visible decrease is seen in Fig. 5. Although
a considerable number was decreased, yet the bacterial
colonies were spread all over the agar plate. For SCA-
5, no bacterial growth was observed (Fig. 5), affirming
its suitability for antibacterial action. It is to be noted
that HAp does not carry antibacterial activity by itself,
and thus no antibacterial activity could be obtained for
HSCA-2.5 and HSCA-5. Hence the antibacterial
activity of the scaffolds can be attributed to the
integration of Zn** and Fe** ions to the HAp lattice.
Chitosan is reported to exhibit antibacterial activity at
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E. coli

Fig.5 Antibacterial activity of scaffolds SCA-0, SCA-2 and SCA-5, HSCA-2.5 and HSCA-5 against E. coli a, S. paratyphi b, S.aureus,

¢, and L. monocytogenes d, respectively

a higher concentration (Fei Liu et al. 2001). In a
previous study, we have reported the antibacterial
activity of FZO against pathogenic bacteria through
the release of Zn>" and Fe* " ions. The MIC values for
the FZO NPs were found to be ~ 33 pg/mL (Saxena
and Pandey 2020). Additionally, the contact inhibition
of the bacterial growth was supposed to take place.
The SCA-5 completely inhibited bacterial growth.
This observed antibacterial activity can be attributed
to the slower and controlled degradation of the SCA-5,
providing the desired bactericidal concentrations of
the Zn** and Fe*" ions.

Cell proliferation analysis of MG-63 (bone like)
cells

The designed scaffolds were analyzed for their bone
cell proliferation ability using FESEM and fluores-
cence microscopy. Human bone-like cells, MG-63,
were seeded over the SCA-5 to analyze the bone cell
formation ability of the scaffolds. As we identified the
best response of the SCA-5 against bacterial cells, the
same scaffold sample was further tested for in-vitro
cell proliferation applications. The FESEM images for
the MG-63 cells adhered to the scaffolds for five days
were recorded as shown in Fig. 6a. The results
demonstrated that the MG-63 cells adhered well and
penetrated inside the microporous structure of SCA-5.
To analyze the cell proliferation, cells grown for five
days on SCA-5 were treated with Calcein-AM dye and
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Fig. 6 The attachment and proliferation of MG-63 cells on
scaffolds. a FESEM image of cells on SCA-0, b Fluorescence
image of cells adhered on SCA-5, ¢, and d FESEM image of

monitored using an inverted fluorescent microscope.
The bright green spots under the fluorescence micro-
scopy image (Fig. 6b) represent the population of
adhered and proliferating cells. Higher magnification
images of all the scaffolds with adhered cells (Sup-
plementary Fig. S1) and the estimation of cell area
(um?) and cell circularity (Supplementary Fig. S2)
indicated the cell spreading. The circularity of adhered
cells defines the shapes of the cell (Hasan et al. 2018a).
Non-adhered cells exhibit round morphology with
circularity = 1, whereas the lower value of circularity
(i.e., circularity < 1) signifies better cell spreading
with more focal points which leads to a change in the
cell shape. The circularity values calculated for
adhered cells on all the scaffolds (Supplementary
Fig. S2) were observed to be less than 0.85 thus
indicating cell spreading.

The interfacial interaction between the scaffold and
the cells can be attributed to its bone-like chemical

@ Springer

cells on SCA-5 scaffold. Arrows in image a and d show cells
filipodia indicating cell attachment

configuration due to the presence of Chitosan and HAp
as major constituents and Zn and Fe as trace mineral
components. It has been previously reported that the
presence of Zn and Fe also promotes better interaction
between cells and underlying bone tissue (Saxena
et al. 2019). Additionally, our group previously
reported that the MG-63 cells exhibited ~ 100%
viability after days 2, 4, and 6 days; when cultured on
the composite scaffolds prepared using chitosan,
carboxymethyl cellulose, and silver nanoparticle
modified cellulose nanowhiskers (Hasan et al.
2018b). Hence, ZFHAp nanocomposite uniformly
distributed within chitosan might have provided a
suitable microenvironment for bone cells’ growth.

In addition to the cell proliferation analysis, the
cytotoxicity analysis of HSCA and SCA samples was
carried out, as described in the materials and method
section. To analyze the toxic effect of degradation by-
product of the scaffolds, the conditioned media was
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supplemented to the MG-63 cells. The MTT assay
analysis after 1, 3, and 6 days revealed no significant
decrease in both HSCA and SCA scaffolds. The cells
were found to be ~ 99% viable as compared to the
control cells (Cells grown in DMEM media; Fig. 7).
This confirmed that HSCA and SCA scaffolds did not
exhibit any cytotoxicity up to 6 days of incubation.

In summary, various physical, chemical, and bio-
logical properties of the prepared scaffolds have been
tuned by varying the contents of ZFHAp. The porosity
of the scaffold controls the swelling behavior as well
as the enzymatic degradation of the scaffolds. As
shown in Fig. 8, the scaffolds’ porosity was found to
be directly correlated with the degradation and the
swelling behaviors. Linear correlations between the
porosity and enzymatic degradation with an R value
of 0.92 and porosity and % swelling with an R? value
of 0.99 were observed, indicating that the porosity
governed the swelling and enzymatic degradation.
Hence, it was confirmed that the ZFHAp concentra-
tions directly affected the porosity of the scaffolds,
leading to control over its other biochemical behav-
iors. Hence, along with the controlled swelling and
porous behavior, a slower degradation rate was
observed (Fig. 4). The presence of ZFHAp also
imparted antibacterial properties to the scaffolds
(Fig. 5). The controlled degradation provided an
excellent antibacterial activity to the scaffold
(~ 100% cell death) and provided better cell attach-
ment and growth.
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Fig. 7 Cell proliferation analysis of the HSCA and SCA
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Fig. 8 Linearly fitted data of correlation between co-relation
between porosity, degradation and swelling behavior

Various studies have been performed on chitosan-
based scaffolds for the controlled bone tissue engi-
neering and are listed in Table 4. A study reported the
excellent swelling behavior and the required microp-
orous structure of the scaffolds but with a higher
degradation rate, i.e., 50% degradation in 28 days
(Kozlowska et al. 2019). Few studies utilized HAp as a
constituent for the scaffold, yet their degradation was
higher (Table 4). This can be explained by the bond
formation between HAp and Chitosan. However, the
antibacterial activities in the Chitosan-HAp based
scaffolds were not observed. In this study, the ZFHAp
contained three electron donor groups, i.e., Ca, Fe, and
Zn that form the co-ordination bonds between HAp
and Chitosan. With the increase in ZFHAp concen-
trations, the number of coordinate bonds was
increased, and the scaffolds remained unaffected by
the enzymatic degradation.

On the other hand, the integration of Zn and Fe to
HAp prior to the scaffold formation provided an
excellent antibacterial activity to the scaffolds. The
concentration-dependent  controlled  degradation,
excellent antibacterial activity, along with the desired
swelling behavior, porosity, and mechanical strength,
enable these scaffolds to be the potential candidates
for bone tissue engineering applications. Hence, this
study designates the SCA-5 as plausible scaffolds for
orthopedic applications.
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Conclusion

In the present work, we successfully prepared the
naturally occurring polymer-nano composite based
hybrid scaffolds with concentration-dependent bio-
chemical behaviors. The Fe(III) doped ZnO integrated
HAp nanocomposite (ZFHAp) showed excellent con-
trol over scaffold’s physical and biochemical proper-
ties. The dual morphology of ZFHAp and
intermolecular interactions altered the packing beha-
viour and thus controlled the porosity, swelling
behaviour as well as the controlled degradation of
the scaffolds. The presence of Zn and Fe ions in the
HAp lattice also played a crucial role in controlling the
porosity, degradation and swelling behaviour of the
scaffolds. The presence of these metal ions in HAp
lattice not only altered its morphology but also
interfered with its charge unbalancing, which affected
the interaction with chitosan and CMC to a great
extent. The co-ordination bonding of ZFHAp with
chitosan and CMC resulted in reduced enzymatic
degradation, whereas less co-ordination bond with
HAp resulted in rapid degradation as compared to
HSCA scaffolds. However, the mechanical strength of
the HSCA scaffolds was found to be higher than that of
the SCA samples, presumable due to the higher
porosity of the ZFHAp samples. The swelling behav-
ior and enzymatic degradation were found to be
linearly related to the porosity of the scaffolds. The
addition of Zn and Fe to the HAp matrix imparted
excellent antimicrobial activity to the scaffolds. In
addition, synergistically ZFHAp and chitosan sup-
ported the bone cell proliferation ability of the
scaffolds. This present study provides an insight into
designing the polymeric scaffolds with self-antibac-
terial properties along with controlled biochemical
behaviors.
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